The electrical conductivity of discontinuous filament-reinforced unidirectional composites was investigated. The discontinuous reinforcement used was copper filament, and the matrix materials included solder and epoxy. It was found that the composite conductivity increases with filament length and eventually becomes a constant. Such behavior is described by introducing an interface impedance and the principle of rule of mixture. It was found both experimentally and theoretically that there exists a critical filament length that must be exceeded so the composites will exhibit conductivity as composites having continuous reinforcing filaments.
I. INTRODUCTION
Although composite materials evolved as structural materials, other applications have been identified. Among them, one is the use of high thermal conductivity composites for heat dissipation in electronics, and another is electrically conductive composites for electromagnetic interference (EMI) shielding and antistatic purpose. [1] [2] [3] [4] [5] In both applications, continuous or discontinuous filamentous reinforcement is used. The filaments are randomly oriented or aligned in a particular direction. [6] [7] [8] According to the percolation theory, the volume fraction of the reinforcement has to be greater than a critical value so that electrical or thermal conduction can occur. 9 Percolation theory is basically a geometrical theory that describes the structure of random particles or filaments in a epoxy matrix as a function of their volume fraction. It depicts that it is only when the volume fraction of the particle or filament exceeds a critical value that the particle or filament can come into contact and form clusters. As a result, electrical conduction can occur due to the connection of the clusters. Under this circumstance, the composite electrical conduction has been related, theoretically and experimentally, to the filament's aspect ratio (diameter to length) and matrix properties. 6, 10, 11 In this study, we investigated the electrical conductivity of discontinuous filament-reinforced unidirectional composites and related the composite conductivity only to the filament length by introducing an interface impedance.
II. EXPERIMENTAL
Two types of unidirectional composites were prepared. One used epoxy resin as the matrix, and the other used solder (PbSn ‫ס‬ 60/40). All the composites have a single copper filament and a fiber volume fraction of 8%. There are two types of filamentous arrangements in the matrix, as shown in Fig. 1 . One is merely a continuous filament, leading to continuous filament reinforced composites [ Fig. 1(a) ]. The other type consists of segments, with various lengths, of copper filaments butt-joined by either solder or epoxy, depending on the matrix used, so that all the segments are well aligned in the matrix [ Fig. 1(b) ]. Such a filamentous arrangement gives discontinuous filament reinforced composites. The average distance between two adjacent filamentous segment ends is 10 m, approximately. For the solder matrix composites, the segment length ranges from approximately 0.5 to 10 cm. For the epoxy matrix composites, the length of the segment ranges from approximately 0.5 to 20 cm. The composites were made using a pressurized casting technique, which allowed the molten solder or fluidic epoxy matrix materials to flow into a fixed-volume mold where a single filament is previously placed. Electrical resistance of both continuous and discontinuous filamentreinforced composites and the butt-joined copper filaments were determined using a four-point probe at various direct currents (dc) along the filament direction.
III. RESULT AND DISCUSSION
From the four-point probe measurements, the electrical conductivity of composites was calculated. The electrical conductivity of solder matrix composites and epoxy matrix composites is shown (filled circles) in Figs. 2 and 3 , respectively. The experimental data for the solder matrix composites show that the composite electrical conductivity increases rapidly before reaching a critical filament length, l c , after which the conductivity levels off. On the other hand, the electrical conductivity increases monotonically with the filament length for epoxy matrix composites. These phenomena are attributed to the existence of filament/matrix interface resistance along the filament direction due to the use of discontinuous filaments.
Consider a filament with a length l and an electrical conductivity f , in a matrix with an electrical conductivity m . If the length l is equal to the resulting unidirectional composite length L, then the composite electrical conductivity along the filament axis can be estimated using rule of mixture (ROM) with sufficient accuracy. On the other hand, if l < L, then the electrical conduction along the filament direction would pass a filament/matrix interface at each filament and an interspacing zone between two adjacent fiber ends. Under this circumstance, we assume that the interface exhibits an impedance coefficient of I i , and an I j for the interspacing zone. The total impedance, I*, between two adjacent fiber ends is then I i , + I j . As a result, the effective filament electrical conductivity, * f , then becomes
It is apparent that * f ‫ס‬ f when I* is negligible. Therefore, the electrical conductivity, c , of a discontinuous filament-reinforced unidirectional composite can be estimated using the above effective conductivity and ROM,
where f is the filament volume fraction. For the present study, f of the copper filament was determined to be 511.19 m⍀ −1 cm −1 , and m for the solder and epoxy were determined to be 62.34 and 1 × 10 −13 m⍀ −1 cm −1 , respectively. The total impedance, I* was also determined. Figure 4 shows the results of measurement on several copper filaments consisting of various numbers of segments joined by solder or epoxy. The results indicate a much higher junction resistance in the case of epoxy, and give I* ‫ס‬ 1/950 and 1/6.1 m⍀ cm 2 for the cases of solder and epoxy, respectively. Using the above data, the theoretical composite conductivity was calculated using Eq. (2). Consider first the solder matrix composites, as shown in Fig. 2 . The results indicate a very good correlation between the experimental data and theoretical calculation which supports the experimental finding that the composite conductivity increases rapidly before the filament reaches a critical filament length, l c , after which the conductivity levels off. For the epoxy matrix composites, the calculation also describes the experimental data very well. Unlike the solder matrix composites, the electrical conductivity of epoxy matrix composites does not reach a constant as the filament length increases. Basically, Eq. (2) describes that composite conductivity behaves in a manner as shown in Fig. 2 . However, Eq. (2) also depicts that the rate by which the conductivity approaches a constant is dominated by the value of I*. This is graphically shown in Fig. 5 . When the impedance is small enough, the curve becomes a step function, indicating a constant composite conductivity can be reached very rapidly. On the other hand, when the impedance is large enough, composite conductivity can increase at a rate or slope that almost equals zero. Figure 3 also shows the effect of fiber volume fraction on composite conductivity. The higher filament volume does not result in a constant composite conductivity as in the case of solder composites. This indicates that the weighing of the impedance is not overcome by introducing a larger value of filament volume fraction [Eq. (2)]. The effluence of impedance I* can, however, be overridden by longer filament lengths, which are beyond that of current study. This is shown in Fig. 6 by using Eq. (2). The enlarged plot supporting the experiment result is shown in FIg. 3 where composite conductivity increases monotonically with filament length. In other words, irrespective of the value of impedance I*, there is a critical filament length which must be exceeded so filament conductivity can be fully transferred to the composite. A similar situation occurs when the strength of the discontinuous filament-reinforced composite is considered.
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IV. CONCLUSION
We have investigated the electrical conductivity of discontinuous filament-reinforced unidirectional composites. It was found that by introducing an interface impedance, which depends on the type of matrix materials, the composite conductivity can be described using the principle or rule of mixture. The description indicates the existence of a critical filament length, which must be exceeded so that the composites would exhibit conductivity as composites having continuous reinforcing filament.
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